Root-knot nematodes (RKNs) induce inside the vascular cylinder the giant cells (GCs) embedded in the galls. The distinctive gene repression in early-developing GCs could be facilitated by small RNAs (sRNA) such as miRNAs, and/or epigenetic mechanisms mediated by 24nt-sRNAs, rasiRNAs and 21-22nt-sRNAs. Therefore, the sRNA-population together with the role of the miR390/TAS3/ARFs module were studied during early gall/GC formation.
Introduction
Regulatory small RNAs (sRNAs) are a group of short noncoding RNAs (20-24 nucleotides (nt) long) with diverse roles in gene silencing at the transcriptional and post-transcriptional levels. Arabidopsis sRNAs are dominated by short-interfering RNAs (siRNAs) and by microRNAs (miRNAs; Axtell, 2013; Bologna & Voinnet, 2014) . Among the endogenous Arabidopsis siRNAs there are different sRNAs groups such as trans-acting shortinterfering RNAs (ta-siRNAs) and repeat-associated small interfering RNAs (rasiRNAs). Ta-siRNAs are produced through miRNA-guided cleavage of noncoding primary transcripts that are then converted into dsRNA by RDR6, whereas rasiRNAs are generated mostly from transposon loci and DNA repeats. AGO1/7-ta-siRNA complexes mediate the cleavage of mRNA from coding genes, whereas AGO4/6-rasiRNA complexes guide cytosine methylation in DNA, a landmark of RNA-directed DNA methylation (PolIV-RdDM). Recently, a genetic RdDM pathway was uncovered in Arabidopsis. It utilizes 21-22-nt siRNAs as well as 24-nt siRNAs, and methylates ta-siRNAs (Wu et al., 2012; Kanno et al., 2013) and active transposable elements (TEs) by the combined activities of RDR6, DCL2, DCL4 and AGO1 (Nuthikattu et al., 2013) . These 21-22-nt siRNAs guide AGO6 to its chromatin targets to establish TE expressiondependent DNA methylation (Wu et al., 2012) . Hence, a core of different Dicer-like proteins (DCLs), RNA-dependent RNA polymerases (RDRs) and Argonaute proteins (AGOs) participate in the biogenesis and action of miRNAs, tasiRNAs and rasiRNAs (Axtell, 2013; Bologna & Voinnet, 2014) .
In recent years, next-generation sequencing has made clear the importance of sRNA regulation in different abiotic and biotic plant stresses (Sunkar et al., 2012; Balmer & Mauch-Mani, 2013; Weiberg et al., 2014; Harfouche et al., 2015) . Pathogen attack triggers massive miRNA changes, exerting regulatory roles through alteration of hormone pathways, or manipulating silencing pathways to counteract miRNA-mediated defenses, thus regulating plant immunity (reviewed in Balmer & Mauch-Mani, 2013) . For example, miR393, implicated in bacterial resistance by repressing auxin signaling, was upregulated in response to the bacterial effector flg22, and targets TIR1, AFB2 and AFB3 which allow the stabilization of auxin signaling repressor Aux/IAA proteins (Navarro et al., 2006) and viruses use suppressor proteins that interfere with the silencing machinery (Jagga & Gupta, 2014) .It can therefore be concluded that miRNAs are very likely to be fundamental players in the concert of broad-spectrum disease resistance (reviewed in Balmer & Mauch-Mani, 2013) .
Plant sedentary endoparasitic nematodes are among the most damaging parasites, causing severe agricultural losses (Mitkowski & Abawi, 2003) . Two types of sedentary endoparasitic nematodes are described depending on the type of feeding cells that they induce in roots, namely giant cells (GCs) inside galls or knots for root-knot nematodes (RKN; Meloidogyne spp; Escobar et al., 2015) and syncytia for cyst nematodes (Heterodera spp. and Globodera spp.; Bohlmann, 2015) . The differentiation of a root vascular cell into a GC or a syncytium, both highly specialized transfer cells, requires dramatic changes in gene expression (reviewed in Escobar et al., 2011 Escobar et al., , 2015 . Generalized gene repression is characteristic of early-developing GCs and galls, and constitutes a signature of early-developing GCs (Schaff et al., 2007; Caillaud et al., 2008; Barcala et al., 2010; Portillo et al., 2013) which includes plant defense-related genes (reviewed in Smant & Jones, 2011; Hewezi & Baum, 2015) . For example, peroxidase-coding genes are repressed in compatible interactions, but upregulated in soybean resistant plants (Klink et al., 2009 (Klink et al., , 2010 and in tomato resistant cultivars homozygous for Mi-1 (Bar-Or et al., 2005; Schaff et al., 2007) . This is consistent with the functional role of tomato TPX1 in resistance to Meloidogyne javanica (Portillo et al., 2013) . The mechanisms mediating this massive gene repression in early-developing GCs/galls are unknown, but could involve a general differential expression (DE) of sRNAs.
Few massive sequencing experiments have been performed to uncover the role of sRNAs in the plant-nematode interaction and those which have were mainly focused in cyst nematodes (Hewezi et al., 2008; Li et al., 2012; Xu et al., 2014; Zhao et al., 2015) . In Arabidopsis infected with Heterodera schachtii, Hewezi et al. (2008) identified 16 miRNAs DE in syncytia at 4 and/or 7 d post inoculation (dpi). Several of them targeted transposons or retrotransposons of different types, suggesting a role for these miRNAs in controlling TE movement (Hewezi et al., 2008; Hewezi & Baum, 2015) . Arabidopsis rdr and dcl mutants altered in essential genes for sRNA biogenesis showed reduced susceptibility to H. schachtii (Hewezi et al., 2008) . Two sequencing experiments shed light to the sRNA population from resistant and susceptible soybean lines infected with H. glycines Xu et al., 2014) , showing several DE miRNAs and siRNAs between resistant/susceptible plants. A functional role for a miRNA has been demonstrated only for miR396 in Arabidopsis syncytia by Hewezi et al. (2012) . It was shown that miR396 downregulation following GRF1/GRF3 induction is necessary for correct syncytia initiation. However, subsequent miR396 induction was necessary once the syncytium is established and it does not incorporate new cells. So far, DE sRNAs and their functional roles in RKN feeding sites have not been described, except for systemic stress responses in phloem after RKN inoculation, where the miR319/TCP4 module acts as a systemic signal responder modulating a systemic defensive response mediated by jasmonic acid (Zhao et al., 2015) .
Here we analyze the DE sRNAs during early gall development, by using three sRNA libraries from independent biological replicates of hand-dissected 3-dpi galls formed by M. javanica in Arabidopsis, and uninfected root segments at equivalent positions of the root to obtain three control libraries. We found significant differences between galls and control roots in the sRNA population. In galls, 21-nt sequences corresponding mostly to miRNAs were downregulated, whereas 24-nt sequences from rasiRNAs were upregulated. We studied the expression pattern and functional role of miR390, one of the few upregulated miRNAs in galls and GCs at early infection stages. Its promoter is active in GCs and gall vascular tissues and it regulates TAS3-derived tasiRNAs formation in galls. TAS3 was necessary for proper gall development, possibly through the control of auxin-responsive factors. This is the first report of a functional role during plant-nematode interactions of a highly conserved ta-siRNA from bryophytes to vascular plants.
Materials and Methods

Biological materials, growth conditions and nematode inoculation
All Arabidopsis thaliana (L.) Heynh lines were in Col-0 background. Seeds were sterilized, and plants grown and inoculated as in Cabrera et al. (2014a) .
For functional analysis, four independent infection tests were performed for Col-0 (number of plants (n) = 280) and mir390a-2 (n = 217), and three independent infection tests with Col-0 (n = 114) and TAS3a-1 (n = 114). Gall number per main root was determined under a stereo microscope at 14 dpi. For diameter measurements, at least 21 galls at 14 dpi from three independent experiments were hand dissected, photographed and measured with IMAGEJ (US National Institutes of Health, Bethesda, MD, USA). For significant differences on infection level and gall diameter a Student's t-test, P < 0.05, was performed using SPSS (IBM, Armonk, NY, USA).
Meloidogyne javanica Treub, 1885 was maintained and in vitro infection assays were performed as described in Barcala et al. (2010) . For M. incognita, Arabidopsis seeds were stratified in 0.59 MS/0.8% agar plates at 23°C and 16 h : 8 h, light : dark photoperiod. Twenty days after germination, roots were inoculated with 200 J2 per plant previously sterilized with 0.01% HgCl 2 and 0.7% streptomycin.
RNA extraction, sRNA library construction and statistical analysis RNA extractions from three independent samples of c. 300 3-dpi galls and three of c. 300 control root segments were performed and quality-assessed as in Portillo et al. (2009) . Each RNA sample extracted from pooled galls or control roots from three or four independent experiments is thus considered a biological replicate. Three of these RNA samples were independently analyzed by massive sequencing for gall or control roots. In each independent experiment, 20 plates containing 10 plants each (n = 200) were also used to collect galls or control root segments from uninfected plants. Samples were quick-frozen in liquid nitrogen and stored at À80°C.
Illumina-Solexa Sequencing-By-Synthesis technology was used to generate the small-RNA libraries at Beijing Genomics Institute (Shenzhen, China). Clean sequences were obtained after discarding low-quality reads, 5 0 primer contaminants, and those without 3 0 primer, without the insert tag, with poly A and/or shorter than 18 nt.
A reads per million (RPM) value was obtained for each sequence in each library (number of reads for a sequence/number of total reads for all sequences in that library 9 10 6 ). Each sequence was tested for expression changes by a two-tailed heteroscedastic t-test using statistic software R (R Development Core Team, 2008) between their three independent RPM values in galls and their three independent RPM values in control roots. Expression differences between galls and roots were considered significant when P < 0.05. Fold change (FC) was used to measure the expression differences between galls and control roots as the ratio between the average of the RPM values of the three samples in each group. The full raw sequencing data were submitted to the GEO database (http://www.ncbi.nlm.nih.gov/geo/) with the accession number: GSE71563.
sRNA sequences annotation
Clean reads were mapped to the Arabidopsis or M. incognita genomes (http://www.arabidopsis.org/ or http://www6.inra.fr/ meloidogyne_incognita) by SOAP (Short Oligonucleotide Analysis Package; http://soap.genomics.org.cn/) and sRNAs were categorized into types: rRNA, tRNA and snRNA were analyzed in GenBank and in RFAM; known miRNAs and their isomiRs (miRBase19), repeats, exon and intron were analyzed by BGI Genomics in-house database.
Unannotated sequences were screened with Mireap (http://sourceforge.net/projects/mireap/) which predicts novel miRNA by exploring secondary structure, DICER cleavage site and minimum free energy (MFE) of the unannotated small RNA tags. The following restrictions were imposed: minimal miRNA sequence length (18 nt), maximal miRNA sequence length (25 nt), minimal miRNA reference sequence length (20 nt), maximal miRNA reference sequence length (23 nt), maximal copy number of miRNAs on reference (20 nt), maximal free energy allowed for a miRNA precursor (À18 kcal mol À1 ), maximal space between miRNA and miRNA* (300 nt), minimal base pairs of miRNA and miRNA* (16 nt), maximal bulge of miRNA and miRNA* (4 nt), and maximal asymmetry of miRNA/miRNA* duplex (4 nt).
Target prediction was performed on the Plant Small RNA Target Analysis Server (psRNATarget; http://plantgrn.noble.org/ psRNATarget/; Dai & Zhao, 2011) . The following restrictions were established: maximum expectation (3.0), length for complementarity scoring (20), allowed maximum energy to unpair the target site (UPE; 25); flanking length around target site for target accessibility analysis (17 bp in upstream/13 bp in downstream); and range of central mismatch leading to translational inhibition (9-11 nt).
q-PCR validation of the expression of miRNAs and their targets, histological analysis of GUS expression and gall phenotyping Expression levels of selected miRNAs DE in the libraries were analyzed by qRT-PCR using TaqMan ® Small RNA assays. The probes used were: aly-miR156 h (463816_mat), miR163 (343), miR167d (000350), miR390a (001409miR775 (008366_mat), miR780.2 (464297_mat), miR839 (008535_mat) and alymiR857 (006362_mat)). qRT-PCR was performed as described by Frenquelli et al. (2010) ). The independent RNA samples used for RNAseq were used for cDNA synthesis. Total RNA (10 ng) was reverse-transcribed with the MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) in a final reaction volume of 5 ll. Independent reverse transcription reactions were set for each miR-snoR pair. qRT-PCR was performed using TaqMan Fast Universal PCR Master Mix on a 7500 Fast Real-Time PCR System following the manufacturer's protocol. Each independent cDNA template was run in triplicate (384-well plate). Data were normalized to the expression of two small nucleolar RNAs (predesigned TaqMan â small RNA control assays snoR101 and snoR66; Applied Biosystems) and relative expression was calculated using the comparative Ct method (2 ÀDΔCt ). Tendencies were similar with both normalizers. Validation of the transcript level for predicted miRNA target genes was performed by qRT-PCR. RNA samples used for sequencing were reverse transcribed with the High-Capacity cDNA Reverse Kit (Applied Biosystems), using 500 ng of RNA per reaction and following manufacturer's instructions. Normalization was referred to GAPC2 according to the method of Barcala et al. (2010) . Relative expression was calculated using the comparative Ct method (2 ÀDΔCt ). Primer sequences are listed in Supporting Information Table S1 .
For all q-PCR data a Student's t-test was performed (P < 0.05) to identify FC differences between galls and uninfected controls.
For tissue localization of GUS activity, seedlings from pMIR390a::GUS, pTAS3::GUS, pARF3:ARF3-GUS and pARF3: ARF3 m-GUS lines were treated and phenotyped as described in Cabrera et al. (2014a) .
Results
Overview of sRNAs expressed in galls and control roots
Illumina-Solexa Sequencing-By-Synthesis technology was used to generate three independent sRNA libraries from c. 300 handcollected 3-dpi galls each, and three libraries from their corresponding control samples (see the Materials and Methods section; Fig. 1a ). An average of 10.1 million raw reads (Solexa 50 nt reads) were obtained for the three gall libraries (G1, G2 and G3), and an average of 9.8 million for control roots (R1, R2, R3) (Fig. 1b) . After filtering reads, the number of clean reads was reduced to an average of 9.8 million for galls and 9.5 million for control roots (Fig. 1b) . The similar overall numbers obtained for the three libraries in both sample types indicate a high uniformity among the three biological replicates used for the analysis. An average of 2121 427 clean reads corresponded to unique sRNA sequences in the three gall libraries, almost twice the 1241 364 reads obtained for the control root libraries (Fig. 1b) . In the six libraries, 99.9% of the reads had a length between 18 and 29 nt (Fig. 2a) , most of them ranging from 20 to 24 nt, the typical length of small RNAs processed by DICER (Ghildiyal & Zamore, 2009 ). Read-length distribution in each library was similar except for the 24-nt sequences, which were consistently more abundant in gall than in control root libraries (Fig. 2a ). By contrast, 20-and 21-nt reads (the typical length of miRNAs; Ghildiyal & Zamore, 2009) were consistently larger in root than in gall libraries (Fig. 2a) .
Fifty-eight percent of the unique sRNA sequences in the six libraries were present exclusively in galls, whilst only 16.2% were exclusive from control roots and 25.8% were shared between both (Fig. 2b) . The matched sequences were aligned against sequences in GenBank, Rfam and miRBase to find previously known sRNAs. Fig. 2 (c) summarizes the number of sequences found in each library corresponding to different sRNA types. Approximately half of the unique sequences (54% and 50% for galls and control roots, respectively) were unannotated; that is, either they could not be mapped to the Arabidopsis genome (and could be of nematode origin) or they hit Arabidopsis sequences not classified as sRNAs (Fig. 2c) . From the 338 known Arabidopsis miRNAs, 288 were detected in at least one library, whereas 50 were not identified in any read through the six libraries (Table S2 ). The overall numbers of reads for each miRNA among the libraries from either galls or control roots presented similar trends (Table S2) , reinforcing the validity of the sequencing in the three biological replicates. From the 265 different miRNAs identified in each library, 242 were common to both conditions, 23 were exclusive of galls and 23 were only present in control root libraries (Table S2) . For simplicity, the terms differentially expressed (DE), induced/ upregulated and repressed/downregulated are used throughout the text to mean mature sRNA levels higher or lower than in their corresponding controls, respectively. Interestingly, the average number of reads corresponding to known miRNAs in the three control root libraries (24 227) was 1.7-fold that of the three gall libraries (14 617), suggesting a global downregulation of miRNA in galls (Table S2) . Accordingly, after normalization of the reads as 'reads per million' and analysis of DE miRNAs (see the Materials and Methods section), only 11 of the 288 miRNAs detected were upregulated (P < 0.05), whereas 51 were downregulated in galls (P < 0.05; Table 1 ). From the 62 DE miRNAs, large miRNA families as miR166 and miR169 were consistently downregulated in galls (Table 1) . By contrast, miR390a and miR390b were highly upregulated (FC = 2.70) in galls (Table 1) as were two members of the miR156 family (miR156 h-i; FC = 7.06; Table 1 ), although the majority of the members of this family were downregulated (miR156a-g, j).
Fold change values for the DE miRNAs were validated by TaqMan ® assay-based real-time PCR (Fig. 3a) . Seven miRNAs were selected for validation, three induced and four repressed in galls, representative of different expression patterns in both libraries; that is, a high number of readings (e.g. miR390a), low number of readings (e.g. miR857), and intermediate number of readings (e.g. miR775s). qPCR was done after cDNA synthesis with the same RNA samples used for the construction of the six small RNA libraries, and resulted in a high validation rate of the sequencing results (6 out of 7 tested; Fig. 3a) . Different sensitivities of both techniques might explain the nonvalidated expression pattern of miR167d.
The potential target genes of the known DE miRNAs were downloaded from the Plant MicroRNA Database (http://bioin formatics.cau.edu.cn/PMRD/; Zhang et al., 2010) and were also predicted by using the psRNATarget web server (http://plantgrn.noble.org/psRNATarget/) accomplishing restrictive parameters (see the Materials and Methods section). The TAIR10 transcripts database was used as the reference genome, identifying 108 putative target genes for the upregulated and 222 for the downregulated miRNAs in galls, respectively (Table S3) . Some of the predicted targets had been experimentally validated in different biological systems, for example, those for miR390, miR156 or miR172 that preferentially target TAS3, trans-acting short-interfering RNA 3 (Montgomery et al., 2008) , SQUAMOSA PROMOTER BINDING PROTEINS (SPLs; and Rhomologous Arabidopsis protein (RAP) (Aukerman & Sakai, 2003) , respectively. Classification into functional categories with Mapman (Thimm et al., 2004) determined that most targets belong to the category of 'Regulation of Transcription', particularly to the transcription factors subcategory, with 35 transcription factors among the putative targets of downregulated miRNAs and 8 among the targets of the upregulated miRNAs in galls (Table S3) . It is also important to point out the identification of 26 transposable elements (TEs) as putative targets of the DE miRNAs (Table S3) . The three libraries for galls induced by Meloidogyne javanica in Arabidopsis thaliana and roots are represented separately. Fold change (FC) and statistical significance (P-value) for the differentially expressed miRNAs are indicated. Red, induced, and green, repressed miRNAs in galls tested by q-PCR in Fig. 3(a) .
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A role for miR390 during root-knot nematode infection miR390a-b were highly expressed in galls, showing the highest number of readings among those up-regulated miRNAs described (c. 53 000 each; Table 1 ). As MIR390a (At2g38325) is also predominantly expressed in roots (Marin et al., 2010) , we analyzed its promoter activation pattern during nematode infection. A GUS reporter line carrying a 2.6-kb promoter region from MIR390a ( Fig. 4a-c ; Marin et al., 2010) was specifically activated within 4-dpi galls (Fig. 4a) induced by M. javanica in Arabidopsis roots, whereas in uninfected roots it was only detected in lateral root primordia and in the elongation zone (Fig. S1a,b) . Hence, pMIR390a::GUS activation pattern was consistent with our sequencing and q-PCR results (Table 1; Fig. 3a) . GUS activity in galls was maximal at 7 dpi (Fig. 4b ) and decreased at medium-late infection stages (15 dpi; Fig. 4c ). GUS activity was localized in the GCs and surrounding cells within the vascular cylinder in semi-thin 4-dpi gall sections (Fig. 4g) . The expression pattern of pMIR390a::GUS was similar in 5-and 7-dpi galls induced by the related species M. incognita (Fig. S1e, f) .
We then investigated its functional role during gall development. The homozygous line mir390a-2, carrying a T-DNA insertion located 30 bp upstream of the MIR390a (At2g38325) transcription start site, showed a strong reduction in the accumulation of the mature miR390a in roots, compared to the wildtype line (Marin et al., 2010) and is therefore considered a lossof-function line. When tested for nematode infection, this line presented a significant decrease (P < 0.05) in infection levels (23% less galls per main root than the wild-type Col-0 line; Fig. 5a ). Moreover, galls formed in the mir390a-2 line were smaller than those formed in Col-0 plants (P < 0.05; Fig. 5b ). This suggests that mir390a expression in galls is important for successful nematode infection.
In roots, miR390 controls the biogenesis of TAS3 derived trans-acting short-interfering RNAs (tasiRNAs), and this function is crucial for lateral root growth (Marin et al., 2010) . The pTAS3a::GUS line showed activation along the vascular tissue of uninfected roots and in M. javanica-induced galls ( Fig. S1c,d ; Fig. 4d-f ). The activation observed at 4 dpi was maintained in 7-and 15-dpi galls (Fig. 4d-f) . In semi-thin sections of 4 dpi galls, the GUS signal was intense in GCs as well as in their neighboring cells (Fig. 4h) . Thus, the expression patterns of pTAS3a::GUS and pMIR390a::GUS overlap in galls, similarly to those described for lateral roots (Marin et al., 2010) . TAS3a role in galls was analyzed by performing infection tests in the mutant line TAS3a-1 (GABI 621G08), with only 40% of wild-type TAS3a transcript levels; Marin et al., 2010) . This mutant line presented a 40% reduction in the percentage of galls per main root with respect to the control (Fig. 5c) . The galls formed in TAS3a-1 were not significantly different in size to those of the control (Fig. 5d) . It has been demonstrated that miR390a, TAS3-derived tasiRNAs and the auxin responsive factors ARF2, ARF3 and ARF4, constitute an auxin-responsive regulatory module controlling lateral root growth, in such a way that active TAS3-derived tasiRNAs regulate these ARFs directly in lateral roots by degrading their transcripts (Marin et al., 2010) . Accordingly, a GUS-based sensor line that is not induced when the TAS3-derived tasiRNAs are actively binding the ARF3 sequence, pARF3:ARF3-GUS, was not induced in galls (Fig. 6a) . By contrast, a line harboring an ARF3 sequence resistant to the cleavage by TAS3-derived tasiRNAs (pARF3: ARF3m-GUS; induced in the tissues where the promoter is active) was activated in galls at 3 dpi (Fig. 6b) . GUS staining in this line showed the same pattern in GCs and surrounding cells as the MIR390a promoter and the TAS3a promoter lines (Figs 4g,h, 7c) . These results confirmed that TAS3-derived tasiRNAs were active in galls and GCs, as they could degrade their described mRNA target, ARF3.
Identification of putative nematode-responsive novel miRNAs
Those sRNA sequences that mapped in the Arabidopsis genome but were not classified as any previously described miRNA were analyzed using Mireap software (http://sourceforge.net/projects/ mireap/) to predict their secondary structures, DICER cleavage sites and MFE (minimum free energy; À40/À74 kcal mol À1 ; Bonnet et al., 2004) . Six hundred and two sequences ranging from 19 to 25 nt and present in at least one of the six libraries presented structural hairpin characteristics. However, only 11 of these sequences ranging from 21 to 23 nt were DE (P < 0.05) in galls as compared to control roots, three of them being upregulated and eight downregulated (Table 2) . From them, one upregulated and two downregulated also presented MFE values similar to those described for Arabidopsis miRNAs (Table 2) . Interestingly, one was exclusively read in control root libraries, another one only in galls, and another sequence was abundant in both, although upregulated in galls ( Table 2 ). The potential targets for these three putative sRNAs were predicted, finding among them Fig. 4 Overlapping expression patterns of pMIR390a::GUS and pTAS3::GUS in galls. pMIR390a::GUS is active in galls induced by Meloidogyne javanica in Arabidopsis at 4 d post infection (dpi) (a), reaching its maximum expression at 7 dpi (b). Expression disappears at 15 dpi (c). pTAS3::GUS is activated in the vascular cylinder and inside galls at 4 dpi (d). Its expression is maintained at 7 (e) and 15 (f) dpi. GUS signal was localized in giant cells (GCs) and surrounding cells in the vascular cylinder in semi-thin sections of 4-dpi galls from pMIR390a::GUS (g) and pTAS3::GUS (h). Asterisks indicate GCs. Black arrowhead indicates nematode. Bars: (a-f) 500 lm; (g, h) 100 lm.
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Comparative expression analysis of miRNAs and their targets
The expression of the predicted targets for the upregulated miRNAs in 3-dpi galls (Tables 3, S3 ) was checked among downregulated genes identified in previous studies, and vice versa. The transcriptomes used were from 3-dpi microdissected GCs and galls (Barcala et al., 2010) , and 7 dpi-galls (Jammes et al., 2005; Cabrera et al., 2014b) . In these comparisons, six downregulated genes (P < 0.05) were predicted as putative targets of six upregulated miRNAs described in this work (Table 3) . We found 15 upregulated transcripts that were putative targets of downregulated known and novel miRNAs in our analysis (Table 3) . Among them is MYB33 (targeted by miR159b and miR319b), the only MYB transcription factor upregulated in 3-dpi GCs (Barcala et al., 2010) .
A double validation of some of these putative targets by q-PCR showed the same tendencies as in microarray analysis ( Fig. 3b ; Barcala et al., 2010; Jammes et al., 2005) . The selected miRNAs and the mRNA abundance of their predicted targets showed opposite behavior as expected.
Overview and differential expression of 24-nt sRNAs and rasiRNAs
The length distribution overview of the sequences found in the six libraries showed a marked increase in the number of 24-nt reads in galls compared to control roots (Fig. 2a) . To investigate the importance of this group of 24-nt sRNAs in galls, a DE analysis was performed after normalization of reads as RPM. From the 2909 193 unique 24-nt sequences found in at least one of the six libraries, 1.94% (corresponding to 56 455 sequences) were DE statistically (Fig. S2) . From those, 35% (19 970) were expressed exclusively in galls, whereas 2557 (4.5%) were exclusive from control roots (Fig. S2) . From the 33 928 sequences shared by galls and controls, 67.7% (22 974) were upregulated in galls, whereas only 10 954 were repressed (Fig. S2) . Therefore, from the 56 455 sequences of 24-nt DE, 42 944 (76%) were either exclusive or upregulated in galls (Fig. S2) . Strikingly, up to 1537 sequences of 24 nt presented a FC higher than + 20, showing remarkable differences in their expression levels in galls as compared to the control roots. Comparison of these results to those relative to the sRNAs of 20-21 nt described above, mostly downregulated in galls, indicate a contrasted regulation between 20-21-nt sRNAs and 24-nt sRNAs in galls. The length, minimum free energy, total number of reads in the six libraries and statistical significance (P-value) for the differentially expressed novel miRNAs identified in galls and control roots are indicated. In bold those sequences with a minimum free energy suitable for miRNAs.
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Those sRNAs associated with DNA, rasiRNAs (most of them 24-nt long; Axtell, 2013) , from control and gall samples were mapped in the five Arabidopsis chromosomes. Their distribution was concentrated in the same areas (mostly centromeric) for controls and galls, although the total rasiRNAs number was much higher in galls than in controls (Fig. 7) , similarly to that occurring for the gall-exclusive and control root-exclusive rasiRNAs (Fig. S3) . From the 27 groups or families of repetitive sequences identified in the six libraries, 16 were induced in galls with respect to the controls and only two were less abundant (Table 4 ; P < 0.05). All of these results suggest that the abundance or 24-nt sRNAs (most probably also rasiRNAs), constitutes a gall hallmark as well.
Discussion
Under the generic name of small RNA (sRNA), a plethora of diverse RNA molecules of 20-30 nt that have emerged as major regulators in plants still have little-known roles in plant-nematode interactions. The only data concerning root-knot nematode (RKN)-plant interactions were the role of miRNAs in systemic changes caused by the infection (Zhao et al., 2015) . Here we describe for the first time the sRNA population differential expression (DE) in RKN-induced galls compared to uninfected root segments. Our results indicate that the abundance of 24-nt sRNAs (most probably rasiRNAs) constitutes a gall hallmark, at least at early infection stages (Fig. 2) . We also describe the first functional role during a plant-nematode interaction for a tasiRNA, TAS3a, regulated by miR390a in galls. This regulatory module is highly conserved from the moss Physcomitrella patens (Allen et al., 2005) to higher plants (Axtell et al., 2006) . Our study was performed with three independent biological replicates for galls and for control roots. Accordingly, we had a high validation rate for the abundance tendencies of miRNAs and their putative gene targets by independent techniques based on q-PCR and microarrays (Fig. 3) . Galls are pseudo-organs formed by the expansion of giant cells (GCs), the proliferation of the neighboring vascular tissues and the hypertrophy of cortical cells in response to the nematode infection (Escobar et al., 2015) . Therefore, sRNAs detected in this study by high-throughput sequencing could be originated from GCs and from any of these cell types.
We obtained sequences of 21 and 24-nt as the most abundant in the six libraries (Fig. 2) . This is consistent with the scarce existing data on massive sRNAs sequencing in cyst-nematode feeding sites (Hewezi et al., 2008 (Hewezi et al., , 2012 Li et al., 2012) . We found differences in sRNA length distribution between galls and control roots: 21-nt sRNAs (the length of most plant miRNAs; Axtell, 2013) were more abundant in uninfected root libraries than in gall libraries, whereas 24-nt sRNAs, (the typical length of rasiRNAs; Axtell, 2013) were amply more abundant in galls. Only 11 miRNAs were upregulated in galls, whereas 51 miRNAs were downregulated. These data strongly suggest a general downregulation of miRNAs in early-developing galls, as reported for 4-d-post-inoculation (dpi)-syncytia (Hewezi et al., 2008) . Most downregulated miRNAs in galls are induced or have a confirmed role in other stress conditions or nutritional statuses (Guleria et al., 2011) , with the exception of two miRNAs from the same family (miR156i, h), probably related to hypoxia (Guleria et al., 2011) , which were induced in galls (Table 1) . Although hypoxia AT1G45130 BGAL5 | beta-galactosidase 5 ath-miR5655 AT4G28270 ATRMA2, RMA2 | RING membrane-anchor 2 ath-miR5657 AT1G20950 Phosphofructokinase family protein NewSeq1 AT5G51690 ACS12 | 1-amino-cyclopropane-1-carboxylate synthase 12 ath-miR156a,b,c,d,e,f,g,j AT5G50670 squamosa promoter-binding protein, putative ath-miR156j AT5G08620 STRS2, ATRH25 STRS2 (STRESS RESPONSE SUPPRESSOR 2) ath-miR159b/ath-miR319b AT5G06100 MYB33, ATMYB33 MYB33 (MYB DOMAIN PROTEIN 33); DNA binding/transcription factor ath-miR163 AT3G44870 S-adenosyl-L-methionine:carboxyl methyltransferase family protein ath-miR163 AT5G37990 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein ath-miR165a,b/ath-miR166a,b,c,d,e,f,g AT2G34710 PHB, ATHB14, ATHB-14, PHB-1D PHB (PHABULOSA); DNA binding/transcription factor ath-miR165a,b/ath-miR166a,b,c,d,e,f,g AT1G52150 ATHB-15, ATHB15, CNA, ICU4 ATHB-15; DNA binding/transcription factor ath-miR167d AT3G61310 DNA-binding family protein ath-miR169d,e,f,g,h,i,j,k,l,m,n AT5G06510 NF-YA10 NF-YA10 (NUCLEAR FACTOR Y, SUBUNIT A10); transcription factor ath-miR169d,e,f,g,h,i,j,k,l,m,n AT3G05690 NF-YA2 (NUCLEAR FACTOR Y, SUBUNIT A2) ath-miR169 h,i,j,k,l,m,n AT1G72830 HAP2C, ATHAP2C, NF-YA3 NF-YA3 (NUCLEAR FACTOR Y, SUBUNIT A3); transcription factor ath-miR172a,b-3p AT5G12900 unknown protein ath-miR172a,b-3p AT4G29430 rps15ae ribosomal protein S15A E ath-miR2111a-5p,b-5p AT2G19590 ACO1, ATACO1 ACC oxidase 1 ath-miR399b,e AT2G33770 UBC24, ATUBC24, PHO2 PHO2 (PHOSPHATE 2); ubiquitin-protein ligase Predicted Arabidopsis genes differentially expressed (DE) in 3-d-post-inoculation (dpi) giant cells and 3-7-dpi galls induced by Meloidogyne javanica and M. incognita in Arabidopsis thaliana (Jammes et al., 2005; Barcala et al., 2010) as putative targets of the differentially expressed miRNAs described within the manuscript. Red, induced, and green, repressed in galls.
inside galls has not been confirmed, indirect evidences come from the activation in tobacco GCs induced by Meloidogyne javanica of a hemoglobin promoter that responds to low oxygen tension (Ehsanpour & Jones, 1996) . Additionally, other hypoxia-related genes were also induced in 3-dpi galls (Barcala et al., 2010; Cabello et al., 2014) , for example, a gene encoding a class I nonsymbiotic leghemoglobin with high oxygen affinity (At2g16060; Hunt et al., 2002) , an alcohol dehydrogenase-coding gene (At1g77120), and SUS1/SUS4, upregulated in roots under hypoxia (Bieniawska et al., 2007) , Examples of stress-induced miRNAs that were repressed in galls include members of the miR169 family induced under drought Zhao et al., 2011) , low temperature (Zhou et al., 2007; Lee et al., 2010) , high soil salinity (Zhao et al., 2009) , N deficiency (Zhao et al., 2010) and UV-B radiation (Zhou et al., 2007) . Further examples are miR391 and miR399, which are prominently induced upon phosphate starvation and involved in inorganic phosphate homeostasis maintenance (Lundmark et al., 2010; Guleria et al., 2011) , and miR780, induced under N starvation (Liang et al., 2012) . Their repression might indicate that N and P status are maintained in galls, probably being a basic requirement to sustain nematode feeding. This is also in accordance with the global downregulation of stress-related genes in early-developing GCs and galls in Arabidopsis and tomato (Jammes et al., 2005; Schaff et al., 2007; Caillaud et al., 2008; Barcala et al., 2010; Portillo et al., 2013) .
Other gall-repressed miRNAs are associated with developmental processes, for example, MIR166/165 genes, which regulates shoot apical meristem and floral development in parallel to the WUSCHEL-CLAVATA pathway (Jung & Park, 2007), or miR156 (a, b, c, d, e, f, j) that regulates the juvenile-to-adult transition (Wu et al., 2009) . In this respect, cyst nematodes secrete peptides similar to CLAVATA-LIKE ELEMENTS (CLElike) plant ligands, which have a role during syncytia formation (Replogle et al., 2011 (Replogle et al., , 2013 . Other CLE-like peptides, such as 16D10 from RKNs, interact with transcription factors such as SCARECROW, a key regulator of radial patterning in the Arabidopsis root (Levesque et al., 2006) . Thus, the repression of these miRNAs in galls might be related to developmental processes contributing to maintain a balance between cell proliferation and differentiation in the complex gall structure (Table 1) .
Although the reasons and functional consequences of massive miRNA repression in galls is currently far from being understood, downregulation of several miRNAs has been reported in several plant species during interactions with different pathogens such as fungi, viruses or bacteria (Balmer & Mauch-Mani, 2013) . In Arabidopsis infected with Heterodera schachtii, miR396 downregulation and subsequent GRF1/GRF3 induction are necessary for correct syncytia initiation (Hewezi et al., 2012) . In mammals, general miRNA-mediated gene repression contributes to cancer by promoting transposable element (TE) expression that benefits the evolving tumor by leading to genomic instability (Shalgi et al., 2010) . Accordingly, we have identified several miRNAs as being downregulated in early-developing galls that may target TEs in the Arabidopsis genome (Tables S2, S3 ).
The most abundant miRNA induced in 3-dpi galls is miR390 (Table 1) . miR390a and TAS3-derived tasiRNAs define a pathway that regulates leaf patterning establishing leaf polarity and controls lateral root growth by repressing the ARF family members ARF2, ARF3 and ARF4 (Hunter et al., 2006; Nogueira et al., 2007; Marin et al., 2010) . Previously, a molecular link between lateral root formation and galls was demonstrated by the crucial role during gall formation of LBD16, an essential gene for lateral root development which is regulated by auxins (Cabrera et al., 2014a) , similarly to miR390a. Here we describe another regulatory network shared by galls and lateral roots, based on the regulatory action of miR390 on TAS3-derived tasiRNAs (Figs 4-6) . The expression patterns of miR390a and TAS3a promoters overlapped in galls, particularly in the vascular tissue and GCs (Fig. 4) . Loss-of-function lines showed increased resistance to M. javanica and their galls were smaller than in control plants (Fig. 5) . Remarkably, TAS3-derived tasiRNAs were active in galls, as proven by the fact that an ARF3::GUS-based sensor line showed no signal in wild-type galls, whereas a line carrying an ARF3 mutation resistant to TAS3-derived tasiRNAs showed GUS activity restricted to the gall centre, including GCs (Fig. 6) . These results concur with our former data from microarrays, where ARF4, another demonstrated target of TAS3-derived tasiRNAs in lateral roots (Marin et al., 2010) , was repressed in 3-dpi GCs (Barcala et al., 2010) . Thus, we identify for the first time in the Arabidopsis-RKN interaction a complex regulatory module that involves two sRNA types: an miRNA highly abundant in galls, miR390, and the TAS3-derived tasiRNAs, actively functioning in both galls and GCs. Although, Arabidopsis is not a natural host for RKNs, the transcriptomes of early GCs induced by M. javanica in Arabidopsis and tomato roots showed a high similarity (Portillo et al., 2013) . Furthermore, genes such as the peroxidase TPX1, downregulated in Arabidopsis GCs at 3 dpi as well as its corresponding ortholog in tomato (Barcala et al., 2010; Portillo et al., 2013) with a demonstrably crucial role for GCs/ gall formation in tomato, provide another specific example. These findings validate holistic approaches in the Arabidopsis genetic model for simplicity, and launch the potential to transfer this knowledge to crop plants.
Galls showed a higher abundance in 24-nt sRNA sequences than control roots, most of them being gall-exclusive or upregulated (Fig. S2) . Most of these sequences match repetitive sequences in the genome, like TEs (Table 4 ; Fig. 7 ). More than 16 out of 26 transposon families predicted to produce the rasiRNAs identified in uninfected roots and galls were overrepresented in galls (Table 4) . Among them, hAT and PIF/ Harbinger families are highly enriched in euchromatic regions in maize and have been related to heterosis (He et al., 2013) . rasiRNAs play a pivotal role in gene silencing through the RNAdependent DNA methylation (RdDM) pathway (Weiberg et al., 2014) . In RdDM, the RNA polymerase IV/RDR2/DCL3/ AGO4/6/9 module induces DNA methylation through 24 nt sRNAs, which is maintained by MET1 and CMT3. In accordance, MET1 is upregulated in Arabidopsis GCs (Barcala et al., 2010) and a chromomethylase involved in DNA methylation (Lindroth et al., 2001 ) is induced in tomato GCs (Portillo et al., 2013) . Moreover, previous microarray results showed a drastic repression of gene expression in GCs as compared to control roots. This tendency was conserved in early-developing GCs (3 dpi) and galls of Arabidopsis and tomato (Jammes et al., 2005; Barcala et al., 2010; Portillo et al., 2013) . Thus, in this context, it is possible that epigenetic processes regulated by 24-nt sRNAs mediate gene repression during early stages of GC differentiation from their vascular precursors. A similar abundance of 24-nt sRNAs was found in a Verticillium-sensitive cultivar of Gossypium hirsutum, infected with Verticillium dahlia, a soil-borne fungal pathogen . Suppression of the RdDM silencing pathway increased Arabidopsis resistance to Pseudomonas syringae (Dowen et al., 2012) , suggesting that this pathway is important for bacterial infection.
In soybean, DNA hypermethylation has been observed in cyst nematode-resistant lines with multiple Rhg1 copies (Cook et al., 2014) . Strikingly, tasiRNA transcripts can also generate 24-nt sRNAs in plants (Allen et al., 2005; Khraiwesh et al., 2010) . These induce cytosine methylation at tasiRNAgenerating loci (Wu et al., 2012) , similarly to 21-nt secondary siRNAs generated by DCL4 that participate in posttranscriptional silencing of exogenous targets through AGO1 (Cuperus et al., 2010) . In this respect, a recent differential methylation study (methyloma) of Arabidopsis DNA extracted from soybean roots infected with H. schachtii (Rambani et al., 2015) showed DNA methylation changes during the compatible interaction that impact a large number of protein coding genes locally in the syncytium and systemically. A significant portion of the differentially methylated genes was among genes with differential expression in the soybean syncytium. These results point to a novel role of syncytia-induced DNA methylation in regulating gene expression changes during parasitism (Rambani et al., 2015) .
In conclusion, a plethora of sRNAs is present in early-developing galls. Among them, some miRNAs will contribute to the gene silencing observed in GCs via target mRNA degradation, translation inhibition, or by regulation of ta-siRNAs, such as miR390-TAS3. The scenario gets more complex, as one of the gall molecular signatures is the high abundance of 24-nt sRNAs known to mediate epigenetic regulation of gene expression through chromatin remodeling. Future research will elucidate these sRNAmediated mechanisms that probably orchestrate the developmental processes participating in gall and GC differentiation.
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